Abstract-The dependence between the storm development rate |Dst min |/ΔT (where ΔT is the duration of the main phase of storm) and the duration of the recovery phase of magnetic storms induced by three different types of interplanetary drivers, such as (1, 2) the CIR and Sheath compression regions and (3) the body of interplanetary coronal mass ejection ICME (magnetic clouds and Ejecta), are compared. It is shown that the duration of the recovery phase apparently correlates with the development rate of storms induced by Sheath and CIR and do not correlate with storms induced by ICME.
INTRODUCTION
In accordance with a number of works (Huttunen, et al., 2002 (Huttunen, et al., , 2006 Borovsky and Denton, 2006; Pulk inen, et al., 2007; Yermolaev, et al., 2010; Guo, et al., 2011; Yermolaev et al., 2012a; Liemohn and Katus, 2012; Nikolaeva et al., 2013 Nikolaeva et al., , 2015 Cramer et al., 2013) , the magnetosphere dynamics during the devel opment of magnetic storms substantially depends on a large scale type of solar wind (an interplanetary driver) that causes the storm. The drivers are repre sented by the following types: a body of interplanetary coronal mass ejections (ICMEs), which includes mag netic clouds (MC) and Ejecta, and the compression regions before a high speed solar wind stream (coro nating interaction region CIR) and before ICME (Sheath). In a recent work , we showed that the dynamics of the recovery phase also depends on the type of interplanetary driver. In particular, we discovered that the durations of the main phase and the recovery phase are anticorrelated for storms induced by Sheath and CIR but that there is no dependence for storms induced by MC and Ejecta.
In this work we additionally analyze the same data and provide a physical interpretation of this result.
METHODS
In this work we use the same data set as in previous works (Yermolaev et al., 2012b : the Dst index measurements from the database http://wdc.kugi. kyoto u.ac.jp/index.html and our Catalog of Large Scale Phenomena of Solar Wind for 1976 -2000 (Yer molaev et al., 2009 , which was prepared with the OMNI base of solar wind and interplanetary magnetic field parameters htt://omniweb.gsfc.nasa.gov. The procedure of the classification and comparison of the types of solar wind with magnetic storms is described in detail in papers by Yermolaev et al., 2009 Yermolaev et al., , 2010 Yermolaev et al., , 2012a Yermolaev et al., , 2012b The procedure for the determination of the main and recovery phases of the storm is schematically pre sented in Fig. 1 in work . The duration of the main phase ΔT is determined as the time from the first point of decrease in the Dst index to the minimum Dst index Dst min . In order to take the occur rence of the fast (initial) and slow (second) portions of the recovery phase into account (for example , we identified two durations: the initial time interval from the minimum Dst index Dst min up to (1/2) of Dst min (Δt 1/2 = t((1/2)Dst min ) -t(Dst min )) and a longer interval up to (1/3) Dst min (Δt 1/3 = t((1/3)Dst min ) -t(Dst min )), respectively. The analysis of two durations Δt 1/2 and Δt 1/3 makes it possible to compare the dura tions of the fast and slow portions of the recovery phase.
RESULTS
In the previous work we studied the durations of the main (ΔT) and recovery (Δt 1/2 and Δt 1/3 ) phases of magnetic storms generated by various interplanetary drivers and discovered an anticorrelation of the durations for storms induced by Sheath and CIR. It is natural to assume that all dura tions depend on storm intensity. However, the selec tion of data with respect to storm intensity decreases the statistics (the number of events in the interval) and analysis accuracy. This did not allow us to obtain reli able results for storms of different intensities. Therefore, in this work we analyze a new parameter |Dst min |/ΔT that includes both the duration ΔT and the intensity of a storm Dst min and is the mean derivative with respect to the time of the Dst index (or is the storm development rate) on the main phase.
The figure presents the dependence between the rate of storm development |Dst min |/ΔT and fast and slow durations of the recovery phase Δt 1/2 and Δt 1/3 for various interplanetary drivers. The three bottom pan els (from bottom to top) illustrate individual events for the Sheath , CIR , and ICME induced storms, and the left and right columns show data for fast and slow durations. The straight lines are linear approximations of points in the logarithmic scales (i.e., the power approximation of the data). The upper panels present Dependence of the storm development rate |Dst min |/ΔT on durations of recovery Δt 1/2 and Δt 1/3 for Sheath , CIR , and ICME induced storms only approximations for the lower panels, and they make it possible to compare the approximation results for various drivers. The correlation coefficients r are indicated in the table for all panels. To emphasize the statistical significance of the results, we use parameter
and probability P (Bendat and Piersol, 1971) . A similar analysis was per formed for the corrected Dst* index (Burton et al., 1975) , and the results were close (they are not pre sented here). The number of events and the statistical significance for the corrected Dst* index was lower than for the measured Dst index because of the omis sion of the measurements of the solar wind in the OMNI base. Sheath induced storms exhibit the steepest depen dence between the rate of the storm development and both (fast and slow) durations on the recovery phase. In spite of the great scatter of the points, these depen dences have a quite high statistical dependence (prob abilities P = 90 and 95%, respectively). CIR induced storms have close parameters for fast duration Δt 1/2 but the slope of the approximation line decreases simulta neously with a decrease in the correlation coefficient r and probability P for slow duration Δt 1/3 . ICME induced storms have a low slope of the approximation lines, a low correlation coefficient, and a low probability for both recovery durations, i.e., there is no dependence between the rate of the storm development and recovery durations.
DISCUSSIONS
According to numerous works (Kane, 2010; Ontiverous, 2010; Weigel, 2010; Yermolaev et al., 2010; Nikolaeva et al., 2013 Nikolaeva et al., , 2014 Nikolaeva et al., , 2015 and the for mula by Burton et al. (Burton et al., 1975) for the case when a term related to the ring current decay may be neglected, the measured and corrected Dst and Dst* indices can be approximated with high accuracy by a linear function of the integral of the interplanetary convective electric field Ey = VxBz (the coefficients of correlation are 0.98-0.99), i.e., the derivative of the Dst index is proportional to the electric field Ey: dDst/dt = CEy for the various interplanetary drivers. Since the value |Dst min |/ΔT is approximately equal to dDst/dt, the results confirm the assumptions that the durations of the recovery phase of the Sheath and CIR induced magnetic storms correlate with the aver age value of the electric field 〈Ey〉 on the main phase of the storm. As the OMNI base contains many gaps in the measurements of the components of speed and the interplanetary magnetic fields, the number of events for which the value 〈Ey〉 can be calculated is small as compared with Dst. Therefore, we could not obtain such results with sufficiently high statistical signifi cance to verify this hypothesis directly for the data.
The decrease in the correlation for slow duration Δt 1/3 as compared with fast duration Δt 1/2 for CIR induced storms can be explained by the fact that external fac tors begin dominate over the internal magnetospheric processes in the second slow portion of the recovery phase; after the CIR, the high speed solar wind is often characterized by a high level of perturbation of the plasma and magnetic field parameters (for exam ple, Hajra et al., 2014) as compared with their behav ior in the ICME after Sheath.
As was shown earlier (Nikolaeva et al., 2013 (Nikolaeva et al., , 2015 , the coefficient of the "interplanetary medium -mag netosphere" connection between the derivative of the Dst index and the average electric field 〈Ey〉 depends on the type of the driver. Therefore, the lower correla tion in the figure for the ICME induced storms with respect to Sheath/CIR induced storms may be caused by the lower coefficient of connection for MC/Ejecta induced storms as compared to the connection coeffi cients for Sheath/CIR induced storms.
CONCLUSONS
We analyzed the time profile of the Dst index for magnetic storms induced by the various interplanetary drivers: the compression regions CIR, Sheath, and ICME (85, 71, and 158 storms, respectively). In addi tion to our previous work , in which we compared the duration of the main phase ΔT and the duration of the fast and slow portions of the recovery phase Δt 1/2 and Δt 1/3 (at the level (1/2) Dst min and (1/3) Dst min , respectively), here we studied the dependence of the storm development rate |Dst min |/ΔT on the durations of the recovery Δt 1/2 and Δt 1/3 . The results allow for the following conclusions.
1. The storm development rate |Dst min |/ΔT corre lates with the durations of recovery Δt 1/2 and Δt 1/3 for Sheath induced storms.
2. The storm development rate |Dst min |/ΔT correlates only with the duration of recovery Δt 1/2 and apparently Coefficients of correlation r, probability P and approximation for the dependence of the storm development rate |Dst min |ΔT on durations of recovery Δt 1/2 and Δt 1/3 for Sheath , CIR , and ICME induced storms does not correlate with Δt 1/3 for the CIR induced storms. The absence of a correlation for the duration Δt 1/3 may be caused by the high variability of the parameters of the plasma and magnetic field in the high speed solar wind streams after the CIR (for example, Hajra et al., 2014) as compared with low variability of the parame ters in the ICME after the Sheath regions. 3. These results allow the assumption that the phys ical processes of the generation and recovery of storm activity in the magnetosphere are similar for the Sheath/CIR induced storms.
4. No statistically significant dependence is estab lished between the storm development rate |Dst min |/ΔT and the durations of recovery Δt 1/2 and Δt 1/3 for ICME induced storms.
5. The magnetosphere processes responsible for storm activity are likely to be different for Sheath/CIR and the ICME induced storms. This can be caused by the varying values of the coefficients of the "interplanetary medium -magnetosphere" connection for the various interplanetary drivers (Nikolaev et al., 2013 (Nikolaev et al., , 2015 .
Thus, the results provide a clearer physical inter pretation of the results obtained earlier .
